The plastid genome from subclover, Trzjdium subterruneum, is unusual in a variety of respects, compared with other land-plant chloroplast DNAs. Gene mapping of subclover chloroplast DNA reveals major structural reorganization of the genome. Ten clusters of genes are rearranged in both order and orientation.
Introduction
Evolution of chloroplast DNA is typically conservative, and many structural features are invariant among highly divergent taxa. Most land-plant chloroplast genomes, for example, have a large inverted repeat, 22-25 kb in length (Palmer 1985a (Palmer , 1985b . The absence of one copy of this repeat distinguishes a group in the family Fabaceae from all other land plants so far studied (Palmer and Thompson 1982) . An additional derived loss of one copy of this repeat has been found in two conifers (Strauss et al. 1988) . Several other structural rearrangements have been discovered as well: an inversion of 30 kb distinguishing the chloroplast genomes of both a liverwort, Marchantia polymorpha, and a moss, Physcomitrella patens, from the vascular plant arrangement typified by tobacco (Ohyama et al. 1986; Shinozaki et al. 1986; Calie and Hughes 1987) ; an inversion within the Asteraceae (Jansen and Palmer 1987a, 1987b) ; three inversions in the lineage leading to maize and wheat (Palmer and Thompson 1982; Howe 1985; Quigley and Weil 1985; Howe et al. 1988) ; and a 50-kb inversion specific to the legumes (Palmer and Thompson 1982) . In addition, some of the legumes that lack one copy of the inverted repeat have undergone more-rapid structural rearrangement in their chloroplast DNA than have other land plants (Palmer and Thompson 1982; Michalowski et al. 1987; Palmer et al. 1987b ). Nevertheless, major structural rearrangements are only rarely found in land-plant chloroplast DNA and apparently occur infrequently.
Against this conservative background, subclover chloroplast DNA stands out as unusual. Initial restriction-enzyme surveys suggested that the genome was rearranged (Palmer et al. 19876 ). Here we report a detailed map of the genome and illustrate the extent of reorganization.
Comparison of the map with that of the closely related alfalfa,
Medicago sativa, indicates that the changes occurred since the two species diverged.
This represents an unusually rapid rate of evolutionary change for any chloroplast genome.
In addition to undergoing major structural reorganization, the subclover genome contains two unusual features. First, a unique family of dispersed repeated elements is present in the genome. Although repeats are also known from the chloroplast genomes of wheat and maize (Bowman and Dyer 1986) ) rice (Moon et al. 1988 ) , pea (Wolfe 1988) , and a conifer (Strauss et al. 1988) , these consist of single duplications of preexisting chloroplast DNA sequences. Only subclover and geranium ) are known to contain families of novel repeat elements. Second, the chloroplast genome of subclover is much larger than that of other closely related legumes. Much of the extra DNA appears to lack any sequence similarity to other chloroplast genomes and may have arisen recently in the subclover plastid. Our results implicate these unusual structural features as being involved in the rapid rearrangement of subclover chloroplast DNA.
Material and Methods

Plant Material
Trifolium subterraneum seeds were obtained from the U.S. Department of Agriculture Plant Introduction Service. The varieties "Tallarook" and "Woogenellup" used in this study were germinated and grown in the greenhouses of the University of Michigan Matthei Botanical Gardens. Medicago sativa cv. Regen S was grown from seed obtained from T. Bingham.
Chloroplast DNA Extraction
Chloroplast DNA was extracted from freshly harvested clover leaves by using a modification of the procedure outlined by Palmer ( 1986 ) . The modifications involved using a high-salt extraction buffer recommended by Bookjans et al. ( 1984) and eliminating the sucrose-gradient step. Extraction and initial studies of alfalfa chloroplast DNA have been described elsewhere (Palmer et al. 19876) .
Cloning Subclover Chloroplast DNA KpnI, PA, and Sal1 digests of subclover "Tallarook" chloroplast DNA were "shotgun" cloned into the plasmid vector pIC20H (Marsh et al. 1984) , a derivative of the plasmid pUC 19 (Vieira and Messing 1982; Yanisch-Perron et al. 1985 ) . Overlap of these clones was determined both by mapping sites of restriction-endonuclease cleavage within the clones and by hybridization of them to genomic DNA. Approximately 80% of the subclover chloroplast genome is contained in this series of clones. Additional portions of the genome were cloned from subclover "Woogenellup."
In- dividual PstI fragments were isolated in agarose (SeaPlaque;@ FMC) gels, digested with KpnI, and ligated into the plasmid pTZ19R.
Restriction-Site and Gene Mapping
Genomic subclover "Woogenellup" chloroplast DNA, digested with six restriction enzymes (BaZI, KpnI, PstI, SacI, SalI, and XhoI) in single and double combinations, was transferred to nylon filter membrane ( Zetabind,TM AMF Cuno) according to the method described by Reed and Mann ( 1985) . Genomic alfalfa chloroplast DNA, digested with single restriction enzymes, was also transferred to filter membranes for hybridization studies. Hybridization probes consisted of recombinant plasmid DNA containing either individual KpnI, PstI, SalI, or KpnI-PstI subclover fragments, cloned fragments of alfalfa chloroplast DNA , heterologous fragments specific for individual genes or gene clusters (Jansen and Palmer 1987b) , or small fragments that together span the entire chloroplast genome of mung bean . The DNA was labeled with 32P by nick-translation (Rigby et al. 1977 ). These probes were hybridized to the genomic DNA immobilized on the filter membranes. In all cases the prehybridization and hybridization buffer contained 0.6 M NaCl, 0.6 M sodium citrate, 10 mM ethylenediaminetetraacetic acid, 0.5% sodium dodecyl sulfate, 0.1% Ficoll400, 0.1% polyvinylpyrrolidone 360, 0.1% bovine serum albumin, and 100 pg carrier DNA/ml. Hybridization proceeded at 65 "C overnight, followed by several washes in 0.3 M NaCl, 0.3 M sodium citrate, 0.1% sodium dodecyl sulfate at 65°C and by autoradiography of X-ray film.
Results
Restriction Mapping of Subclover Chloroplast DNA Recombinant plasmids containing each of the cloned KpnI, PstI, SalI, and KpnIPstI fragments from subclover were hybridized to purified chloroplast DNA isolated from a cultivated variety, "Woogenellup," of subclover. Since the subclover clones did not cover the entire genome, additional probes from mung bean and fragments specific for individual genes were hybridized to the subclover "Woogenellup" genome. Together these probes enabled us to map the sites for six restriction enzymes: BaZI, KpnI, PstI, SacI, SalI, and XhoI ( fig. 1 A) . The restriction map was substantiated by determining the overlap of the cloned portions of the genome. The restriction map of the subclover genome verified that, as do closely related legumes, Trifolium subterraneum chloroplast DNA lacks one copy of the inverted repeat found in most angiosperms.
However, at 142 kb in length the subclover genome is much larger than that found in other such legumes. For example, Medicago sativacultivated alfalfa-a member of the same legume tribe as clovers, contains a chloroplast genome that lacks the inverted repeat and is only 123 kb in length ; fig. 1B ).
Mapping Genes and Repeats in Subclover Chloroplast DNA The gene-specific probes used to map certain restriction sites in the subclover "Woogenellup" genome also allowed localization of the corresponding genes. The positions of the 39 genes mapped are shown in figure IA on a linearized diagram of the circular molecule. For each gene the transcribed strand was inferred on the basis of the arrangement of genes in small clusters; within each cluster we presumed the relative orientation of genes to be that found in tobacco and other angiosperms.
It is possible that gene order or direction is not conserved within clusters. However, in a Tr ifol i urn subterraneum few cases the restriction-site data unambiguously orient individual genes; in other cases the genes involved are cotranscribed and therefore are thought to be conserved in orientation (Palmer 1985a) . Additional hybridization of a set of 59 clones spanning the entire chloroplast genome of mung bean identified the same gene clusters as the gene-specific probes and provide another indication that gene orientation is conserved within the clusters.
Since the genome lacks one copy of the inverted repeat, the gene cluster including 16s and 23s ribosomal RNA genes, rps7 and rpsl2 ( fig. 1 cluster 5 ) , is present only once in the genome. In most land plants these genes reside within the repeated segment of DNA and occur twice (Palmer 1985a (Palmer , 1985b . A similar gene map for the alfalfa chloroplast genome is shown in figure 1B .
The most unusual structural feature present in this genome is a family of dispersed repeated elements, first recognized by Palmer et al. ( 1987b) . The location of six regions containing these repeats is shown on the gene map in figure IA . The repeats were detected by cross-hybridization of clones to other portions of the genome. Such an experiment is depicted in figure 2 . Panel A illustrates a series of chloroplast DNAs digested with different restriction endonucleases and shows the fragments separated on a 0.7% agarose gel. Panel B illustrates a typical hybridization pattern obtained from a single-copy portion of the genome. In this case, the probe hybridizes to one fragment in each of the different genomes and therefore contains sequences universally present in the chloroplast genome. In contrast, panel C illustrates the hybridization pattern obtained from one of the repeated elements in subclover. It hybridizes to multiple fragments in the subclover genome, indicating that it is found at multiple locations, yet is not present in any other genome. An even broader survey of chloroplast genomes, including two green algae, a fern, a gymnosperm, and 17 angiosperms representing 14 families, indicates that these repeated elements are, in fact, limited to Trifolium (data not shown). A survey of 18 species from throughout the genus Trifolium further refines the taxonomic distribution of the repeats (data not shown). They are apparently limited to T. subterraneum and two closely related species-T. batmanicum and T. globosum-in the same taxonomic section, Trichocephalum (Zohary and Heller 1984) . Trijdium batmanicum clearly contains multiple copies of frames identified in the tobacco genome (Shinozaki et al. 1986 ), though only a single reading frame may be present (Zhou et al. 1988 ). The vertical arrows indicate the positions of the subclover repeat elements. The black dots (0) indicate the position of "novel" single-copy DNA near the rpoB-rpoC gene cluster of subclover. Beneath the subclover gene names are several labels indicating the location of details depicted in later figures. The center panel connects the locations in both genomes of conserved gene clusters, each one of which is numbered. Arrows in the center panel indicate the relative orientation of these clusters in the two genomes. The restriction fragments for each genome are numbered from largest to smallest. For subclover, the sizes (in kb) of restriction fragments are as folows: 19.7, 16.7, 14.0, 9.4, 8.1, 6.0, 5.5, 4.7, 4.3, 4.1, 3.6, 3.3, 3.3 .,2.2, 1.7, 1.4, 1.1(2), and0.9; 22.3, 11.5, 11.3, 10.6, 10.5, 9.0, 5.9, 5.1, 4.9, 3.7, 3.4, 3.2, 1.0, 0.9, and 0.7; 18.8, 17.9, 14.2, 13.5(2), 11.8, 7.2, 5.9, 5.5, 5.2, 3.5, 3.4, and 1.2; 16.5, 13.5, 12.0, 9.7, 8.5, 6.9, 6.4, 6.3, 4.3(3) , 4.0, 3.9, 3.5, 1.7, 1.1, and 1.0; 36.0, 15.2, 10.4, 9.4, 7.2, 7.2, 5.5, 4.9, 1.7, and l.l(2); 17.0, 14.9, 14.8, 9.8, 9.0, 8.6, 7.0, 6.7, 5.7, 5.3, 5.2, 5.1, 5.0, 3.7, 3.6, 3.0, 2.9 , and 1.4. For alfalfa, the sizes (in kb) of restriction fragments are as follows: 13.6, 12.6, 11.2, 9.1, 8.9, 6.9, 5.5, 4.3(2) , 4.1, 3.6, 3.2, 3.0, 2.2, 2.0, 1.8, 1.2, 0.8,0.7(2), and 0.6(2); 13.8, 12.4, 9.1, 8.1, 6.4, 5.0, 4.5, 4.3, 3.9, 3.4, 3.3, 3 .1, 2.8(2), 2.5, 2.4, 2.2(2), 2.1, 1.8, 1.7, 1.6, 1.1(2), 1.0(2), 0.8(3), 0.7, 0.6(2), 0.5, and 0.3; 12.4, 10.9, 9 .7, 9.6, 8.4(2), 7.1, 6.4, 4.3, 3.2, 3.1, 2.8(2), 2.4, 2.3, 1.9, 1.7, 1.4, 1.3, 1.3, 1.1 In order to recognize any major structural rearrangements present in the subclover chloroplast genome, we compared the order of genes with that found in alfalfa. Cultivated alfalfa, A4. sativa, forms a useful comparison for several reasons. First, it is considered to be closely related to the genus Trzjdium; both are placed in the same taxonomic tribe (Trifolieae) within the legume family (Zohary and Heller 1984) . In addition, chloroplast DNA from alfalfa has been studied and mapped (Palmer et al. 19873) , so enough data have been collected to support a comparison.
Finally, these data indicate that, except for the loss of one copy of the inverted repeat, the alfalfa genome is identical in gene order to that of other species, such as lupine and soybean, thought to exhibit an ancestral order of chloroplast genes among the legumes ). This suggests that any differences between clover and alfalfa must have arisen since the two groups diverged and must have occurred specifically in the lineage leading to subclover. Alfalfa, then, provides an excellent comparison for subclover. The central portion of figure 1 compares the genomes of subclover and alfalfa. The two molecules are represented at the same scale, with the location of mapped genes indicated. Clusters of genes and their orientation in both genomes are indicated by numbered arrows, and the corresponding arrows are connected. For example, the gene cluster atpA-rpoC2 (cluster 1) is found at the left end of each map in the same relative orientation with respect to these maps, whereas the gene cluster petD-psbB (cluster 9) is found near the right end in opposite orientation.
In drawing the figure we attempted to align the genomes as much as possible. Nevertheless, many major rearrangements are evident. Despite the complexity of reorganization depicted by the figure, eight inversion events can be postulated to transform the alfalfa gene order into that found in subclover. These eight inversions shift the 10 gene clusters relative to each other but maintain the gene order within each cluster. Alternatively, one can postulate a single inversion and four translocations to transform one gene order into the other.
Association of Repeats with Genomic Rearrangements
The presence of a family of dispersed repeated elements in the chloroplast DNA of subclover represents the single most unusual structural feature of the genome. As is evident in figure 1, individual repeats often flank the rearranged clusters of genes in the subclover chloroplast genome. To investigate the association of repeated sequences and rearrangements, detailed mapping of the regions containing several repeat elements was undertaken.
Initial data indicated that one repeat copy resided in the midst of a series of ribosomal protein genes ( fig. 3 ) . In land-plant chloroplast DNA this cluster of genes is organized as in tobacco. They are tightly packed-two, in fact, overlap-and they are cotranscribed ) . Furthermore, these genes represent parts of two Escherichia coli operons. The organization of these genes is highly conserved, with the same organization displayed in the liverwort Marchantia (Ohyama et al. 1986 ).
In subclover, however, the rpZ22 gene is apparently absent entirely from the chloroplast genome. This gene is, in fact, absent from the chloroplast genomes of all legumes that have been studied (Spielmann et al. 1988 
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FIG.
3.-Insertion in subclover of a repeat element within a set of ribosomal protein genes. The genes are transcribed from right to left as indicated by the arrows at the right. Restriction sites used to delineate hybridization probes are shown above the tobacco genes; some of those used for mapping hybridizations are shown below the subclover genes. Cross-hybridization is indicated by the central lines connecting the two genomes. The location of a partial duplication of rp123 is denoted by 3'rp123. The vertical arrow and bar between the subclover rps3 and 3'rp123 genes indicates the location of a repeat element. Notice the absence of rp122 in the subclover genome. The subclover coordinates correspond to those in fig. 1 ; those for tobacco correspond to the nucleotide sequence (Shinozaki et al. 1986 ). Abbreviations used for restriction sites in this and fig. 4 are as follows: kc1 (A), BarnHI (B), BstXI (T), ClaI (C), EcoRI (E), EcoRV (R), Hind111 (H), KpnI (K), PstI (P), Sac1 (V), Sal1 (S), XbaI (Y), andXho1 (X).
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suggests that the element became inserted in the midst of an otherwise fairly intact series of genes. The group of ribosomal protein genes is not entirely intact, however, since a partial duplication of rp123 placed a copy of the 3' portion of that gene between rps19 and the repeat element. The hybridization studies summarized in figure 3 recognized the duplication of this gene. Sequencing studies, to be presented elsewhere, have demonstrated that only the 3' end was involved. It is interesting to note that nonfunctional copies of rpZ23 have also been found in several other chloroplast genomes (Zurawski and Clegg 1987; Bowman et al. 1988 ). In addition, the sequencing data indicate that the region between the genes rps3 and 3'rp123 ( fig. 3 ) contains a pair of direct repeats 2500 nucleotides in length.
The insertion in this region of at least one repeat element in the midst of a series of genes, the deletion of rpZ22, and the transposition of a portion of rpZ23 are examples of small-scale genomic changes that must have occurred in addition to the large-scale rearrangements discussed earlier and illustrated in figure 1. Other small-scale changes may be revealed as the chloroplast genome of subclover is studied in greater detail. The timing of these changes must await further study of chloroplast genomes from species related to subclover. Some of these changes, such as the loss of rp122, must predate the alfalfa-clover split, whereas others, such as the insertion of repeat elements, are very recent.
Data from another portion of the subclover chloroplast genome strengthen the association between the repeats and genomic rearrangements ( fig. 4) . In most chloroplast genomes the genes rpoB and rpoC1 are flanked by the genes p&D and rpoC2. In subclover, however, rpoB and rpoC 1 are positioned 40 kb from their normal location, and psbD and rpoC2 are closer together than normal. Repeat elements flank the rpoBrpoC 1 gene cluster and separate psbD from rpoC2 ( fig. 4) . This entire region has been disrupted by an apparent transposition of a pair of genes to a new location. The disruption is particularly striking when it is noted that in spinach three of these genesrpoB, rpoC1, and rpoC2-are cotranscribed (Hudson et al. 1988 ). This may be the first example of interruption due to genomic rearrangement of a known transcriptional unit in the chloroplast.
Discussion
The results presented here indicate that the chloroplast genome found in TrQXum subterraneum is highly unusual in many respects. It is greatly rearranged relative to a closely related species, Medicago sativa; it contains a family of dispersed repeated elements; and it contains regions of DNA that are absent from other chloroplast genomes.
The rate of evolutionary change in the subclover chloroplast genome is greatly accelerated relative to that of other chloroplast genomes. Not only is the genome rearranged, but all of the major rearrangements have occurred subsequent to the divergence of Trzfilium and Medicago. Both genera are placed in the same taxonomic tribe within the Fabaceae and are regarded as closely related (Zohary and Heller 1984) . Considering that relatively few changes to the chloroplast genome have occurred between the liverwort Marchantia polymorpha and tobacco (Ohyama et al. 1986; Shinozaki et al. 1986) , two species that diverged some 400 million years ago, the many recent and major rearrangements found in subclover are remarkable. Eight major inversions are sufficient to transform the gene organization characteristic of the alfalfa chloroplast genome into that found in subclover. However, our analysis suggests that other evolutionary changes, such as insertions, deletions, and E  II  I I  I  III  II  III  I  I  I  I  I  t  I  I  1  0  5  10  15  20  25 transpositions, were probably also involved. Examples presented here include the genes rp123, rpoB, and rpoC 1.
In addition to displaying a highly rearranged genome, subclover chloroplast DNA contains a unique family of dispersed repeated elements. Six regions containing repeats have been recognized. Individual elements are a.500 bp in length and may be > 1,000 bp. Dispersed repeats of similar size are known from the chloroplast genome of geranium, though they are less well characterized ). The subclover and geranium repeats are unrelated in Southern filter hybridization ( fig. 2 ) . Smaller repeats, ~300 nucleotides in length, are known in wheat and maize (Bowman and Dyer 1986) ) rice (Moon et al. 1988) , pea (Wolfe 1988) ) and a conifer (Strauss et al. 1988 ) ; however, these repeats consist of single duplications of preexisting chloroplast sequences. They represent ebtirely different situations than are exhibited by the multicopy family of novel repeat elements in subclover chloroplast DNA.
Recombination among members of the repeat family may be responsible for the rearrangements observed in the subclover genome. Homologous recombination among repeats in inverted orientation will produce inversions in a circular molecule (Palmer 1983 ) . In addition, recombination is thought to be an important mechanism involved in the evolution of both nuclear and mitochondrial genomes (Lonsdale et al. 1983; Flavell 1986 ). The multiple repeats in subclover chloroplast DNA would provide ample opportunity for complex rearrangement to result in this way. Repeat families may not be necessary, however, since the plastid genomes of both pea and broad bean have undergone extensive rearrangement yet do not currently contain repeat families ). The repeats found in subclover are apparently not involved in the high-frequency recombination characteristic both of the inverted repeat found in most chloroplast DNAs (Palmer 1983 ) and of the direct repeats found in floweringplant mitochondrial DNAs (Lonsdale 1984; Palmer 19853) . If such recombination were occurring, simple restriction-fragment profiles consisting of equimolar fragments would not be found. In addition, a single unambiguous restriction-site map for the entire genome would be essentially impossible to construct.
More interesting is the role the repeats may play as transposable elements. One copy of the repeat is now inserted in the midst of an otherwise fairly intact series of ribosomal protein genes. This is reminiscent of the behavior both of prokaryotic IS elements (Heffron 1983; Iida et al. 1983 ) and of eukaryotic nuclear transposons (Finnegan 1985) . In addition, the present structure involving the rpoB and rpK1 genes flanked by repeats is analogous to that found in such prokaryotic compound transposable elements as Tn 10 ( Kleckner 1983 ). This structure is now found in a new location within the subclover genome and may represent repeat-mediated transposition. Just as bacterial and nuclear transposable elements are capable of inducing complex rearrangements of the genome, the subclover repeats may be responsible in much the same way for the extremely rapid reorganization of the genome. Even if, strictly speaking, the repeats are not transposable elements, they do represent portions of the genome that have only recently arisen within a very restricted set of chloroplast genomes. Being present in three closely related species but not in a fourth equally closely related one (Zohary and Heller 1984) , the repeats arose since the common ancestor shared by these species. At this point the origin of the repeats is unknown, though possibilities include introduction from the nucleus or mitochondrion, introduction from a foreign genome such as a virus, or de novo origination within the chloroplast.
Other work suggests that sequence transfer is often from the chloroplast to other genomes (Scott and Timmis 1983; Stern and Palmer 1984) ; this is likely the case for most or all of the genes now residing in the nucleus that encode plastid proteins (Weeden 198 1) . The recent origin both of a novel repeated element and of novel single-copy sequences in the chloroplast genome of subclover may represent the first known transfer of sequences into the plastid genome.
Clearly the chloroplast genome of subclover represents a very unusual and complex molecule. Unlike virtually all other chloroplast genomes thus characterized, it is highly unstable structurally, as evidenced by the accelerated evolutionary rate of rearrangements. In addition, the genome contains structural features potentially mechanistically involved in the generation of genomic rearrangements. This situation provides an excellent opportunity to study both the evolution of genomic structure and the effects of genomic rearrangements on the expression of chloroplast genes and operons.
